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Abstract
In Central Europe, protected areas are too small to ensure survival of populations of large
carnivores. In the surrounding areas, these species are often persecuted due to competition
with game hunters. Therefore, understanding how predation intensity varies spatio-tempo-
rally across areas with different levels of protection is fundamental. We investigated the pre-
dation patterns of Eurasian lynx (Lynx lynx) on roe deer (Capreolus capreolus) and red deer
(Cervus elaphus) in both protected areas and multi-use landscapes of the Bohemian Forest
Ecosystem. Based on 359 roe and red deer killed by 10 GPS-collared lynx, we calculated
the species-specific annual kill rates and tested for effects of season and lynx age, sex and
reproductive status. Because roe and red deer in the study area concentrate in unprotected
lowlands during winter, we modeled spatial distribution of kills separately for summer and
winter and calculated-the probability of a deer killed by lynx and-the expected number of
kills for areas with different levels of protection. Significantly more roe deer (46.05–74.71/
year/individual lynx) were killed than red deer (1.57–9.63/year/individual lynx), more deer
were killed in winter than in summer, and lynx family groups had higher annual kill rates
than adult male, single adult female and subadult female lynx. In winter the probability of a
deer killed and the expected number of kills were higher outside the most protected part of
the study area than inside; in summer, this probability did not differ between areas, and the
expected number of kills was slightly larger inside than outside the most protected part of
the study area. This indicates that the intensity of lynx predation in the unprotected part of
the Bohemian Forest Ecosystem increases in winter, thus mitigation of conflicts in these
areas should be included as a priority in the lynx conservation strategy.
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Introduction
After almost two centuries of declines and extinctions, large carnivores during recent decades
have re-colonized large parts of their historical ranges in Europe and North America [1, 2]. In
order to ensure their survival, most European countries have accorded legal protection to these
species and have implemented several reintroduction programs [3]. In this context, the pres-
ence of a net of protected areas in which specific protection measures can be fully implemented
likely play a role as source areas for populations of large carnivores [4]. In Europe, protected
areas are more numerous than in any other region in the world [5]. However, most of these
areas are small [6], with 90% not even reaching 10 km2 [7]. Given that large carnivores are ter-
ritorial species with huge spatial requirements (e.g., [8]), most of these protected areas are not
even large enough to encompass the territories of single specimens. Therefore, the predators
generally have to expand into the surrounding multi-use, human-modified landscapes, where
their probability of persistence is directly linked to their chances to coexist with human activi-
ties and be accepted by people [1, 9]. European large carnivores have proved adapt to tolerate
even relatively high levels of human activities (e.g., [1, 10]), but their presence can interfere
with game management and livestock farming [11, 12], resulting in human-carnivore conflicts.
This has already led to the persecution of these predators in the past [11, 13] and to date still
frequently leads to illegal killings, which represents one of the main threats for their long-term
survival [1, 4, 11, 12]. To adequately manage these conflicts, a deeper scientific understanding
of the mechanisms determining the patterns of predation by a given predator species on its
prey species under different ecological conditions is required [1, 14].
The Eurasian lynx (Lynx lynx, hereafter: lynx) is a solitary, large stalking predator that
inhabits Central, Eastern and Northern Europe with several distinct populations [15], most of
which are small and isolated [3]. According to the most recent information gathered through-
out Europe, lynx predation on livestock can cause relevant problems only in Northern Scandi-
navia [3, 16, 17], and a range of prevention and compensation measures have already been
adopted by most European countries to reduce local conflicts with livestock farmers [3]. How-
ever, in all countries and especially in those areas hosting reintroduced lynx populations, a
major problem is low acceptance by hunters that compete with lynx in ungulate hunting [3, 18,
19].
The European distribution of lynx largely overlaps with that of the most widespread Euro-
pean ungulate, the roe deer (Capreolus capreolus) [20], and, where both species occur together,
roe deer is the main prey species of lynx (e.g., [21, 22]). The importance of other ungulate spe-
cies as alternative prey, namely red deer (Cervus elaphus) [14, 21, 23], chamois (Rupicapra
rupicapra) [24, 25], and reindeer (Rangifer tarandus) [26] varies according to their distribution
across Europe.
The quantitative aspect of lynx predation on its ungulate prey, generally expressed as per-
capita kill rates, has already been investigated in several European areas, namely Scandinavia
[14; 26–28], Poland [22, 23], Dinaric Mountain Range [29], Swiss Alps [30, 31], and Swiss Jura
Mountains [24, 25, 32]. These studies found that lynx predation rates on ungulate prey can be
modulated by several factors, such as the sex, age, reproductive status, and preferences of the
individual predator [26, 27, 29]; predator population status (i.e., recolonizing or established
[30]); availability and distribution of a given prey species and of alternative prey species (e.g.,
[14]); presence of scavengers and intensity of their activity [33, 34]; and climate and winter
harshness [27]. Although the relative importance of these factors varies from region to region,
in the case of roe deer prey, all studies from Central Europe [23, 25, 29, 30] report similar mean
values of lynx predation rates.
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Although red deer is the second most important lynx prey species in several areas [21], only
two studies, from Scandinavia [14] and Poland [23], have dealt with lynx kill rates of this spe-
cies. Even though these studies revealed very different average kill rates, a common result of
both studies was that the per-capita kill rates on red deer widely varied among lynx of different
sex and reproductive status.
Besides the quantitative aspect, some studies [14, 23, 26, 29] have also considered the “sea-
sonal aspect” of predation by lynx, i.e. potential changes in lynx predation rates throughout the
year. These studies obtained contrasting results: kill rates were higher in winter than in summer
in most of Scandinavia [14, 26], the opposite was observed in the Central European Dinaric
Mountains [29] and no substantial seasonal differences in kill rates were found in Poland and
Southern Sweden [23, 35].
Finally, another important aspect of lynx predation that has so far received little attention is
the “spatio-temporal aspect”, i.e., the distribution of killed prey throughout the landscape and
the potential changes in this distribution during the year. Lynx may not kill their prey evenly
throughout their home ranges and the predation probability may be concentrated in particular
sub-areas, e.g., those characterized by higher prey densities or by habitat features that increase
prey vulnerability [26, 36]. Furthermore, red and roe deer typically seasonally migrate and
modify their grouping behavior in most mountainous European regions [37–40], concentrat-
ing at low elevations with milder snow conditions in winter and spreading again toward higher
elevations to exploit richer foraging condition in summer [41, 42]. As a consequence of these
migrations, also the spatial pattern of lynx predation may change throughout the year. Because
several European protected areas are located in mountainous lands [7, 43], this may lead to a
substantial seasonal increase in lynx predation outside of these areas, where sport hunting is
widely practiced. Therefore, taking this last point into consideration can greatly help identify-
ing where and when conflicts between lynx and hunters may arise.
In the Bohemian Forest Ecosystem, a central-European region encompassing large pro-
tected areas and multi-use landscapes, we analyzed the spatio-temporal, together with the
quantitative and seasonal aspects of lynx predation on the main prey species in the area, roe
and red deer [44]. In particular, we tested the following hypotheses:
1. Following the seasonal changes in deer distribution, predation by lynx in winter will be
more spatially concentrated and will be highest outside of the National Parks (that are the
areas where the highest level of protection is ensured and that include mostly mountainous
areas), whereas predation by lynx in summer will be more spread and will not differ inside
and outside the National Parks;
2. Average kill rates for roe and red deer will be similar to those found elsewhere in Central
Europe and higher than those found in most of Scandinavia, given the generally lower den-
sities of deer and the higher importance of alternative prey in Scandinavia [26, 28];
3. Kill rates for both red and roe deer will vary between seasons (summer, winter) and between
lynx of different sex, age, and reproductive status.
Material and Methods
Study area
The Bohemian Forest Ecosystem (hereafter: BFE) is a forested low mountain range located
along the German–Czech border and is the largest contiguous region of strictly protected
woodlands in Central Europe. It extends from a height of 600 m above sea level (a.s.l.) in the
Spatio-Temporal Variation in Predation by Lynx
PLOS ONE | DOI:10.1371/journal.pone.0138139 September 17, 2015 3 / 23
valleys to 1,456 m a.s.l. on the ridge lines and is characterized by long (5–8 months), cold, and
snowy winters, followed by relatively warm summers. The average annual temperature lies
between 6.7°C in the valleys and 3.9°C at high elevations. Annual precipitation between 1,085
and 1,860 mm is common [45]. In winter, the average snow depth is 40–60 cm in valleys and
100–120 cm at higher altitudes, where maximum values of about 3 m can be reached. At higher
elevations, the dominant tree species is Norway spruce (Picea abies), accompanied by moun-
tain ash (Sorbus aucuparia), while lower ranges are characterized by Norway spruce, European
beech (Fagus sylvatica), and silver fir (Abies alba) [46]. The Bavarian Forest National Park (240
km2; 49°3'19"N, 13°12'9"E) on the German side and the Šumava National Park (690 km2; 49°
7'0"N, 13°36'0"E) on the Czech side of the national border represent the core of this area, where
the most rigorous measures of nature protection are applied. On the Czech side, this core area
is surrounded by the Šumava Protected Landscape Area (996 km2, 49°11052@N, 13°14025@E),
where a wider range of human activities is permitted, but special attention is still given to
nature conservation.
In the BFE as in most of Europe, the Eurasian lynx became extinct in the mid 19th century
[47]. Its reintroduction began in Bavaria in the early 1970s, with the release of an uncertain
number of animals [48]. Between 1982 and 1989, 18 lynx were released on the Czech side of
the Šumava Mountains [49]. During the 1990s, the Bohemian–Bavarian lynx population
increased significantly [47], but during the following years it declined. At present, this lynx
population is stagnant [4], with estimated densities ranging from 0.4 to 0.9 independent lynx/
100 km2 for the core area [50].
Regarding the density of the main prey of lynx on the German side, the red deer density is
1.56 animals/km2, as estimated via coordinated counts at feeding stations in the Bavarian For-
est National Park during winter. A minimum roe deer density of 1.61 animals/km2 (1.1–2.3)
was determined by distance sampling with thermal cameras inside the Bavarian Forest
National Park in spring [51]; the roe deer density is generally higher outside of this strictly pro-
tected area [52]. Although such precise data are not available for the Czech side, some studies
indicate that roe deer and red deer densities in the Šumava National Park are at least twice as
high as those reported for the Bavarian Forest National Park, and roe deer densities are even
higher in the Šumava Protected Landscape Area and its closest unprotected surroundings [52].
On both sides of the national border, a large proportion of both roe and red deer populations
seasonally migrates along an altitudinal gradient, concentrating in the valleys during winter
time [41, 53].
Inside the two national parks, hunting of roe deer is completely banned. Red deer are regu-
lated during established hunting seasons by a limited number of qualified national park
employees, merely as a measure of population control because wolves (Canis lupus), i.e., the
main predators of red deer, are absent from the BFE [52, 54]. Outside of national parks, sport
hunting of both deer species is practiced during specific hunting seasons and according to
defined hunting plans [52]. In most of the lowland areas surrounding the national parks, red
deer is intensively shot in order to limit damages to forestry. On the German side, the absence
of the species from these areas is even established by law [55, 56].
In our study, the study area was defined as the combination of the 95%Minimum Convex
Polygons (MCP) home ranges of all monitored lynx. This area measures about 1,623 km2 and
includes about 2/3 of the Šumava National Park and Bavarian Forest National Park (i.e., 46%
of the study area), half of the Šumava Protected Landscape Area (21%), and a wide belt of
unprotected surroundings (33%). While the area of the two national parks includes the main
mountain ridge, most of the valleys are located in the Šumava Protected Landscape Area and
the unprotected surroundings (see Fig 1).
Spatio-Temporal Variation in Predation by Lynx
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Lynx telemetry
Between March 2005 and March 2012, ten lynx (six males and four females, Table 1) were cap-
tured, using walk-through box traps either at a kill site or at known lynx trails (for a detailed
description of the handling protocol, see Heurich [57]). All lynx were immobilized with
1–1.2 mL of “Hellabrunn mixture” (400 mg ketamine and 500 mg xylazine) and fitted with
Fig 1. Distribution of altitudes within the study area, inside and outside the two national parks.
doi:10.1371/journal.pone.0138139.g001
Table 1. Overview information about the ten GPS-collared lynx: lynx status (determined based on the sex, age and on the presence and number of
kittens; status of all females varied throughout the monitoring period), length of monitoring period, number of confirmed killed prey and of roe
deer and red deer kills, and home range size (95%MCP).
Lynx
ID
Lynx status Date of
capture
Monitoring period (GPS+VHF
telemetry) [days]
Number of
kills
Roe
deer
Red
deer
95% MCP
[km2]
Sex Age Kittens
M1 m a 07/03/05 509 9 6 3 532
F1 f a 1; 2 17/01/07 724 22 20 0 166
M1 m a 12/11/08 460 38 28 9 532
M2 m a 27/03/10 103 13 11 1 225
M3 m a 11/03/10 378 38 25 11 389
F2 f a 2 17/03/10 606 55 52 1 145
F3 f j, s,
a
2 17/03/10 870 70 63 6 101
M4 m s, a 15/01/11 473 42 20 22 462
F4 f s, a 2 27/02/11 399 36 31 2 77
M5 m a 22/03/11 590 48 35 10 257
M6 m a 10/03/12 549 39 36 3 520
TOTAL 410 327 68 ø
Female
122
ø Male 432
Male M1 was monitored during two non-sequential time periods; therefore, information for each monitoring period is reported separately. “ø Females” and
“ø Males” = mean home range size of female and male lynx, respectively; “m” = male; “f” = female; “a” = adult; “s” = subadult; “j” = juvenile.
doi:10.1371/journal.pone.0138139.t001
Spatio-Temporal Variation in Predation by Lynx
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GPS-GSM collars (VECTRONIC Aerospace, Berlin, Germany). One male and one female were
caught as subadults (< 2 years old), and one female was caught as a juvenile (< 1 year old). All
three animals became adult (> 2 years old) before the end of their monitoring periods. All
females reproduced at least once (litter size = one or two kittens) during their monitoring peri-
ods. Collars stored two positions daily, at midnight (00:00 Central European Time:
CET = UTC + 1) and midday (12:00). For a one-month period in each season of the year, two
additional positions per day were recorded at dusk and dawn (i.e., the periods of highest lynx
activity [58, 59]). Finally, once every second week, collars recorded one GPS position per hour
from 15:00 to 7:00 of the following day. Collars were also equipped with a VHF transmitter,
which allowed us to locate the collared animal for about one year after the collar GPS-GSM
device had stopped working. We identified the locations where lynx may have killed a prey of
medium to large size as clusters of night GPS and/or VHF positions (see Podolski et al. [58] for
further details). Such locations were searched in the field with the help of a GPS-receiver and
dogs. In addition, in order to minimize the possibility to miss ungulate prey that may be aban-
doned by lynx soon after having been killed, we additionally searched for prey remains at
about 300 randomly chosen single GPS positions recorded during the period from dusk to
dawn.
Ethics statement
The handling protocol was approved by Ethics Committee of the Government of Upper
Bavaria and the Czech Central Commission for Animal Welfare and fulfils their ethical
requirements for research on wild animals (permit number: 55.2-1-54-2532-82-10). Both men-
tioned institutions specifically approved this study. In addition, permits for wild animal cap-
ture were obtained from the Government of Lower Bavaria (permit number: 55.1–8621.1–57),
the Czech Central Commission for Animal Welfare (permit numbers: 44048/2008-17210,
44048/2008-10001) and the Czech Ministry of Environment (permit number: 41584/ENV/10-
1643/620/10-PP8). Searching for prey in the field was allowed by the Administrations of the
Šumava National Park and Bavarian Forest National Park and by landowners outside of the
national parks.
Kill series
A total of 410 prey remains were found in the field (Table 1 and S1 Dataset), of which 79.76%
were roe deer, 16.58% red deer, 0.49% wild boar (Sus scrofa), 0.98% red fox (Vulpes vulpes),
and 2.19% brown hare (Lepus europaeus). For this study, we took into account only roe deer
and red deer kills. In addition, kills made by family groups with one kitten, juvenile lynx, and
subadult male lynx were not considered because of insufficient sample size (n = 4, 2, and 11
killed prey, respectively). For each deer prey killed by adult males, single adult females, sub-
adult females and family groups with two kittens we calculated:
1. The handling time, i.e. the time that lynx spent at a prey [60], calculated as the number of
nights a lynx visited the same killed prey, according to its GPS and/or VHF positions.
2. The searching time, i.e., the time between when a lynx left its prey until it killed the next
prey [23]. In order to reduce the possibility of introducing bias to a minimum and only
when calculating searching times, we also took “virtual kills” into consideration, that is, all
cases (n = 173) in which a lynx seemed to have a killed prey according to GPS position pat-
terns, but prey remains could not be found in the field [27].
3. The prey time, i.e., the sum of searching time and handling time.
Spatio-Temporal Variation in Predation by Lynx
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We further excluded all prey for which prey time could not be calculated due to missing
data from the lynx GPS collars, and we obtained a final deer prey dataset consisting of 359 lynx
kills (Table 2).
We took the possible effect of season into consideration by dividing the year into “winter”
(1 November to 31 March) and “summer” (1 April to 31 October). For both periods, in order
to account for possible variations related to age, sex, and reproductive status of the lynx, we cal-
culated handling, searching, and prey time separately for each considered lynx status.
Finally, based on the “prey series”, i.e., the series of all prey remains that were found in the
field, of each individual lynx, we calculated the percentage shares of roe deer and red deer prey
for each considered lynx status. These percentages were then used to determine (1) the actual
prey species-specific lynx per-capita annual kill rates and (2) the (species-specific) number of
deer prey killed by one lynx in one year per area unit (i.e., 1 km2, see below).
Statistical analysis
Predation rate. In order to model the timespan between consecutive kills and hence the
predation rates, an accelerated failure time (AFT) model was fitted [61]. In the AFT model, the
time until a given event occurs is used as outcome, and each event is generically referred to as
failure [62]. In our case, the outcome is the prey time as defined above, and the event/failure is
the subsequent kill. To limit the risk of overlooking potential unidentified kills, the prey time
was censored. The threshold values for censoring were chosen taking the natural behavior of
lynx into account (e.g., behavioral changes of females during the denning period [60]): prey
times longer than nine days for roe deer (n = 60) and longer than 12 days for red deer (n = 17)
were not considered as an event.
We used the AFT model to test for effects of lynx sex, age and females’ reproductive status
(“lynx status”: adult male/subadult female/single adult female/family group), prey species (roe
deer/red deer) and season (summer/winter) on each of the following dependent variables: (1)
prey time, (2) handling time, and (3) searching time. Second-order interactions additional to
the main effects did not improve any of the models, i.e., the p-values of likelihood ratio tests
comparing models with interactions to the respective main effects models were larger than
0.05. Therefore, interactions were excluded from further calculations. In order to ensure that
no systematic difference between the years of the study period influenced our results, we
Table 2. Number of found roe and red deer killed by lynx of each “lynx status” during each season that could be used for all calculations.
Lynx status Roe deer Red deer Total
Adult male Total 151 (75.1%) 50 (24.9%) 201 (100%)
Summer 109 25
Winter 42 25
Adult female Total 48 (92.3%) 4 (7.7%) 52 (100%)
Summer 28 0
Winter 20 4
Subadult female Total 44 (95.7%) 2 (4.3%) 46 (100%)
Summer 33 0
Winter 11 2
Family group (2 kittens)* Total 58 (96.7%) 2 (3.3%) 60 (100%)
Summer 42 1
Winter 16 1
* The lynx status named “family groups” included all adult female lynx for the periods of time in which they were together with their (2) kittens.
doi:10.1371/journal.pone.0138139.t002
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initially included the year as covariate in all analyses. Its effect was negligible, therefore this
covariate was not included in the final models. We regarded lynx identity as a random effect by
incorporating a frailty term in each of these models [63, 64]. As models including the frailty
term gave results very similar to those not including it, the factor accounting for lynx identity
was excluded from further calculations, as well. We conducted Tukey's all-pair comparisons to
investigate differences between the different lynx statuses [65]. Note that this is a testing proce-
dure that accounts for multiple testing and hence p-values are in general higher than uncor-
rected p-values.
To predict the annual and seasonal predation rates, we used the AFT model, followed by
bootstrapping, to generate medians and confidence intervals [66]. The interims of consecutive
kills were added up in each bootstrap step until they were approximately at one year (about
365 days). For each combination of variables, 5,000 estimates for the number of kills per year
were obtained and thus an empirical distribution of the estimates. To investigate the effect of
season, medians and confidence intervals were also calculated with 182.5 days (i.e., 365/2). The
actual annual predation rates of an average lynx of the Bohemian–Bavarian lynx population
was estimated using the percentage of red deer and roe deer in the kill series of each “lynx sta-
tus”:
annual predation rate ¼ 365days  percentage of deer
100
 
= predicted prey time
To obtain the predation rates per area, the annual predation rates were divided by the aver-
age home range sizes (MCP 95%) of male and female lynx living in the BFE (Table 1). All com-
putations and statistical analyses were run in R software version 2.15.2 [67], using survival
[68], plyr [69], and multicomp [70] packages.
Spatio-temporal variation of predation risk. To investigate how predation events were
actually distributed throughout the study area and how this distribution changed throughout
the year, the annual joint kill rates of roe and red deer in winter and summer were modeled
using a two-stage generalized additive model [71]. Kill observations from an area consisting of
6,740 quadrants of 500x500m were modeled using the following covariates: proportion of for-
est cover, mean altitude a.s.l., and distance (in m) to the closest area of civilization (as defined
by CORINE category 112 [72]) of each quadrant. To account for the spatial distribution of
kills, of the considered covariates, and of any other spatially distributed covariates that could
not be taken explicitly into account, we also included the geographic coordinates of the cen-
troids of each quadrant. The influence of all covariates was modeled non-parametrically by
means of splines [71]. Because of zero inflation (kills were observed in 2.14% of the quadrants
in summer and in 2.80% in winter), we first modeled the probability to have at least one kill for
each quadrant using a logistic model. Using these results, we then modeled the conditional
expected number of kills in each quadrant for which at least one kill had been predicted (see S1
Appendix for further details). Note that the distance to the closest area of civilization was only
used in the first step. Combining the two models, the expected number of kills in each quadrant
was estimated as the conditional expected number of kills weighted with the estimated proba-
bility to observe a kill in that quadrant. In this way, we obtained a smooth distribution of kills
in the entire study area. The models were fitted using the R package mgcv [71]. It is worth
remarking that these estimates are unitless indicators of predation risk, whose main purpose is
to identify areas with higher/lower relative risk, and therefore should not be interpreted in
absolute terms (i.e., literally expected number of kills per quadrant).
Finally, the model was used to estimate the probability of observing one or more roe or red
deer killed by lynx for quadrants located inside and outside of the national parks, i.e., in areas
Spatio-Temporal Variation in Predation by Lynx
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where commercial and sport hunting are banned and are widely practiced, respectively. Proba-
bilities were estimated separately for winter and summer. As these estimates result from deter-
ministic statistical models, we recommend only comparing them qualitatively.
Results
Predation rate
According to our AFT model, prey time was significantly influenced by prey species, season
and “lynx status” (Table 3). The period between consecutive kills of red deer prey was much
longer than that of roe deer prey (z = -5.804; p< 0.001; Tables 3 and 4). The prey time was sig-
nificantly shorter in winter than in summer (z = -3.296; p< 0.001; Tables 3 and 4). According
to Tukey's all-pair comparisons family groups had a significantly shorter prey time than single
adult females (estimated difference = 0.386; p = 0.002), subadult females (estimated differ-
ence = 0.300; p = 0.038), and adult males (estimated difference = 0.228; p = 0.039). No signifi-
cant difference was found between adult males and single adult females (estimated
difference = 0.157; p = 0.319), adult males and subadult females (estimated difference = 0.071;
p = 0.878), and single adult females and subadult females (estimated difference = 0.086;
p = 0.883).
The AFTmodel for handling time gave similar results (Table 3). Lynx fed on a red deer signif-
icantly longer than on a roe deer (z = -5.720; p< 0.001; Tables 3 and 4), and the handling time
was significantly shorter in winter than in summer (z = -3.960; p< 0.001; Tables 3 and 4). Family
groups had a significantly shorter handling time than single adult females (estimated differ-
ence = 0.393; p = 0.002). No further significant differences between lynx statuses were observed.
The AFT model for searching time showed a significant influence of prey species: the
searching time for roe deer was shorter than for red deer (z = -2.526; p = 0.012; Tables 3 and 4).
Concerning the searching time no significant differences between lynx statuses were found in
Tukey's all-pair comparisons, but family groups tended to have a shorter searching time than
adult males (estimated difference = 0.676; p = 0.053).
The predicted mean prey time, handling time, and searching time for each “lynx status” and
for each deer prey species (Table 4) are only theoretical values that would be valid if lynx
preyed either exclusively on roe deer or exclusively on red deer. Based on these predicted prey
times, the predicted annual predation rate ranged from 53 roe deer or 34 red deer for an adult
male lynx to 66 roe deer or 41 red deer for family groups (Table 4). For all lynx statuses, pre-
dicted predation rates were lower in summer than in winter (S1 Table).
In the case of roe deer prey, family groups had the highest actual annual predation rate (74.71
individuals/year, Table 4), and killed 1.6 times more roe deer than adult males (46.05 individuals/
Table 3. Results of the accelerated failure time (AFT) models, with predictions of the effects on prey time, handling time, and searching time of
“lynx status”, prey species, and season.
Prey time Handling time Searching time
Effect ± S.E. Z-value p-value Effect ± S.E. Z-value p-value Effect ± S.E. Z-value p-value
Intercept 2.516 0.125 20.210 <0.001 1.990 0.124 15.950 <0.001 1.794 0.387 4.640 <0.001
Lynx_status adult male -0.157 0.093 -1.696 0.090 -0.204 0.093 -2.200 0.028 -0.112 0.288 -0.389 0.697
Lynx_status family group -0.386 0.110 -3.501 <0.001 -0.393 0.111 -3.550 <0.001 -0.788 0.342 -2.308 0.021
Lynx_status subadult female -0.086 0.118 -0.729 0.466 -0.128 0.119 -1.080 0.280 0.078 0.366 0.213 0.831
Prey_species roe deer -0.518 0.089 -5.804 <0.001 -0.512 0.090 -5.720 <0.001 -0.699 0.277 -2.526 0.015
Season winter -0.219 0.066 -3.296 <0.001 -0.265 0.067 -3.960 <0.001 -0.268 0.206 -1.302 0.193
S.E. = standard error. Variables that proved signiﬁcant in a given model (p-value < 0.05) are reported in italics for the given model.
doi:10.1371/journal.pone.0138139.t003
Spatio-Temporal Variation in Predation by Lynx
PLOS ONE | DOI:10.1371/journal.pone.0138139 September 17, 2015 9 / 23
year, Table 4). The differences in the annual predation rates per km2 among lynx belonging to
different lynx statuses were much larger, with family groups killing almost 6 times more roe
deer/year/km2 than adult males (0.61 and 0.11 individuals/year/km2, respectively, Table 4).
In the case of red deer prey, adult males had the highest annual predation rate (9.63 individ-
uals/year, Table 4), and killed approximately 6 times more red deer than subadult females (1.57
individuals/year, Table 4). The differences in the annual predation rates per km2 among lynx
statuses were much smaller, with adult males and single adult females killing almost twice as
many red deer/year/km2 than family groups and subadult females (0.022 and 0.013 individu-
als/year/km2, respectively, Table 4).
Spatio-temporal variation of predation risk
A spatial shift in the distributions of the kill risk, i.e., expected kills per km2 according to our
two-stage generalized additive model, was clearly recognizable from summer (Fig 2A) to winter
(Fig 2B). In summer, the predation risk was evenly distributed, whereas in winter, it was more
concentrated in lower areas, outside the national parks (Pearson’s correlation between altitude
and estimated predation risk of 0.1033 in summer and -0.5930 in winter).
Based on our model, in winter the estimated mean probability of observing at least one
killed deer was much higher outside than inside the national parks (0.0144 ± 0.0096 and
0.0087 ± 0.0089, respectively, mean ± s.e., Fig 3), whereas in summer the estimated values were
similar in both areas (0.0149 ± 0.0052 outside and 0.0147 ± 0.0045 inside, respectively,
mean ± s.e., Fig 3).
In winter, the estimated expected number of kills per km2 was higher outside than inside
the national parks (0.0022 ± 0.0003 and 0.0021 ± 0.0003, respectively, mean ± s.e., Fig 4),
whereas in summer the opposite situation was observed (0.0026 ± 0.0005 outside and
Table 4. Prey time, handling time, searching time, predicted annual predation rates, actual annual predation rates and annual predation rates per
km2 obtained for each “lynx status” and deer prey type using accelerated failure time (AFT) models, bootstrap for confidence intervals and per-
centage of each prey type.
Lynx
status
Prey
species
Prey time
[days ± S.E.]
Handling
time
[days ± S.E.]
Searching
time
[days ± S.E.]
Predicted annual predation
rate (95% conﬁdence
interval)
% of
given
prey type
on kill
series
Actual
annual
predation
rate
Annual
predation
rate per km2
Lower
bound
Estimate Upper
bound
Adult
male
roe deer 5.95 ± 0.28 3.34 ± 0.16 2.49 ± 0.36 44 53 61 75.12 46.05 0.11
Adult
female
roe deer 6.71 ± 0.56 3.90 ± 0.33 2.66 ± 0.67 39 46 53 92.31 50.22 0.41
Subadult
female
roe deer 6.40 ± 0.56 3.61 ± 0.32 3.01 ± 0.80 40 49 57 95.65 54.56 0.45
Family
group
roe deer 4.73 ± 0.35 2.76 ± 0.21 1.26 ± 0.29 55 66 77 96.72 74.71 0.61
Adult
male
red deer 9.43 ± 0.75 5.19 ± 0.42 4.66 ± 1.13 27 34 41 24.88 9.63 0.022
Adult
female
red deer 10.63 ± 1.25 6.07 ± 0.72 4.97 ± 1.78 23 30 37 7.69 2.64 0.022
Subadult
female
red deer 10.14 ± 1.24 5.61 ± 0.70 5.64 ± 2.10 24 31 38 4.35 1.57 0.013
Family
group
red deer 7.48 ± 0.86 4.29 ± 0.50 2.36 ± 0.82 33 41 49 3.28 1.60 0.013
S.E. = standard error. Predicted annual predation rates are reported with bootstrap 95% percentile intervals (2.5%, 97.5%).
doi:10.1371/journal.pone.0138139.t004
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0.0027 ± 0.0003 inside the national parks, mean ± s.e., Fig 4). Despite being apparently very
small, these differences are unitless and should therefore be seen in relationship with their
respective ranges.
Discussion
In accordance with our expectations, our analysis of the spatio-temporal aspect of lynx preda-
tion revealed a seasonal shift on the spatial distribution of predation risk, with predation by
Fig 2. Partial predation risk for red and roe deer in summer (A) and winter (B). Estimates were obtained on the basis of a two-stage generalized additive
model accounting for forest cover, altitude a.s.l., distance to civilization and the spatial alignment of the quadrants. The spatial effect was excluded from the
partial risk to emphasize the spatial distribution of the effect of the biotic and abiotic factors which were explicitly included in the model. Solid line represents
the borders of the two national parks; dashed line on the Czech side represents the border between the Šumava Protected Landscape Area and its
unprotected surroundings. The modeled area was defined as the combination of the 95%MCPs of all collared lynx.
doi:10.1371/journal.pone.0138139.g002
Fig 3. Distribution of the estimated probability of observing at least one deer killed by lynx. Boxplots represent the distribution of the estimated values
inside and outside the national parks, during summer and winter respectively. “X” denote the mean values, while the horizontal bold lines denote the median
values.
doi:10.1371/journal.pone.0138139.g003
Spatio-Temporal Variation in Predation by Lynx
PLOS ONE | DOI:10.1371/journal.pone.0138139 September 17, 2015 11 / 23
lynx in winter concentrated outside of the national parks. In summer, the probability to have
one or more deer killed by lynx did not differ between areas, but the expected number of kills
per area unit was higher inside the national parks than outside. Our results also confirmed that
the average roe deer kill rates found in the BFE were higher than those reported for most of
Scandinavia, and similar to those found elsewhere in Central Europe and Southern Sweden,
but red deer kill rates differed. Finally, kill rates on both deer species were influenced by season
and by the reproductive status of female lynx, but not by lynx sex and age nor according to the
individual.
Although the annual per-capita kill rates that we determined have to be considered as mini-
mum values, as we may not have recognized all prey killed by the monitored lynx, we are confi-
dent that at least in the case of wild ungulate prey, our calculations are very close to reality
because (1) the reliability of our method for the identification of potential killed prey has
already been tested and demonstrated by Krofel et al. [60] and Ersson [73]; (2) during our
study, we also checked about 300 additional single lynx positions in the field (and found prey
remains at such locations only once); and (3) for our calculations, we also included “virtual
kills” (according to Nilsen et al. [27]). The risk to have killed domestic animals that could not
be detected based on GPS-position clusters may be higher, as lynx may abandon killed livestock
earlier than wild prey [74]. However, we are confident that the lack of any killed domestic ani-
mal in our prey series corresponds well to reality, because remains of domestic prey have never
been found in lynx scats from the BFE [44], and according to regional authorities of the regions
of Pilsen and South Bohemian (personal communication), only very few requests of compensa-
tion for livestock killed by lynx are submitted yearly in the entire BFE. This supports the prem-
ise that lynx predation on livestock and the conflicts derived therefrom are minor issues in
most European countries [3]. Finally, we acknowledge that monitoring more individuals of
each “lynx status” and all animals at the same time would have improved our dataset. Despite
this, we consider the overall number of monitored lynx (ten) to be sufficiently representative,
given that the number of independent individuals annually documented in the study area ran-
ged between 18 and 23, and that during the study period the level of turnover of resident indi-
viduals was low (estimated based on data from 6-year camera trapping monitoring [75]).
Fig 4. Distribution of the expected number of deer killed per km2. Boxplots represent the distribution of the estimated values inside and outside the
national parks, during summer and winter respectively. “X” denote the mean values, while the horizontal bold lines denote the median values.
doi:10.1371/journal.pone.0138139.g004
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Moreover, differences between individual lynx as well as between years of monitoring did not
seem to have any impact, which leads us to believe that the number of observations is adequate
for the type of analyses performed.
Spatio-temporal aspect of lynx predation
Although Nilsen et al. [27] had already analyzed the variations in lynx kill rates between adja-
cent areas along a gradient of climatic conditions, to our knowledge our study is the first that
explicitly investigated how the patterns of lynx predation vary spatially and temporally and
with respect to the presence of protected areas. For wintertime, the observed higher probability
of predation and the larger expected number of killed deer per area unit outside the national
parks compared to inside corresponded well to the higher winter concentration of deer prey at
lower elevations [52]. This is in accordance with the expectation that prey density and spatial
distribution will affect the foraging behavior of individual carnivores [76, 77]. However, in the
BFE, our previous study, which focused on lynx predation on red deer inside the national
parks, showed that lynx in winter were more likely to kill red deer prey in areas with medium
to low red deer densities [78]. This suggests that the winter concentration of lynx predation in
the foothills, as found in the current study, is not related to the seasonal migration of red deer,
but rather of roe deer [41], which is clearly the main prey of lynx during both seasons (e.g.,
[44]).
Similarly, during summer, the observed lack of substantial differences in probability of pre-
dation between the different parts of the study area likely corresponded to a more dispersed
deer distribution throughout the entire BFE, resulting from both the seasonal changes in deer
grouping behavior [39] and their expansion to higher elevations [37, 38, 40]. On the other
hand, the larger number of expected kills per area unit inside the national parks compared to
outside in summer may be explained by the lynx selection, at a medium to large spatial scale, of
high forest cover [4, 79, 80], large distances from human presence ([80, 81]; but see also [79]),
and high densities of ungulate prey [4, 78, 79]. Therefore, in summer, with more homogeneous
local ungulate densities, lynx may tend to spend a longer time in areas of high forest cover and
far from human presence, i.e. inside the two national parks. In fact, in summer, when not influ-
enced by local variations in prey densities, lynx tended to spend more time in these strictly pro-
tected areas (55.6% of lynx GPS-positions were located inside national parks in summer, only
49.6% in winter). This may be because they are safer than the unprotected surroundings, where
poaching increases lynx mortality [4]. Therefore, the observed seasonal changes altogether may
be considered as a response to the trade-off between abundance of prey and avoidance of
human activity (seen as a source of mortality) which has already been described in Scandinavia
by Basille et al. [79] and Bunnefeld et al. [81].
Quantitative aspect of lynx predation: comparing annual kill rates from
the BFE with those from other European regions
Overall, the actual annual per-capita predation rates found in our study area barely differed
from those found in other Central European areas: 56−72 ungulates per lynx per year in the
Swiss Jura Mountains [24] and 55 ungulates per lynx per year in the Swiss Alps [31] and in the
Dinaric Mountains [29]. For a better comparison of our results with those of previous studies
both in Central Europe and in Scandinavia, we recalculated the prey-specific per-capita annual
kill rates, based on the mean prey times for ungulate prey and on the frequency of each prey on
the total that are reported in those published studies (according to Krofel et al. [29]).
Throughout Central Europe, the average number of roe deer killed by a single lynx in one
year is relatively constant (Table 5), and the slight variations in mean kill rates between areas
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may be simply due to differences in the representation of each “lynx status” among lynx moni-
tored in each study. Furthermore, differences between areas in the relative importance of alter-
native prey species may also have an influence. For Southern Norway, Gervasi et al. [14]
reported kill rates for roe deer that were less than half of those found in the BFE (Table 5).
Although lynx is an efficient predator even at low roe deer densities [27], this is most likely due
to the very low density of this deer species in Scandinavia [28], which leads to prey other than
roe and red deer (namely semi-domestic reindeer, domestic sheep and hare) playing a more
substantial role in the lynx diet [14, 28]. Accordingly, Andrén and Liberg [35] found annual
predation rates that were comparable to those from Central Europe in Southern Sweden, in an
area with relatively high roe deer density and without other large alternative prey available.
Table 5. Comparison of lynxmean roe deer per-capita kill rates from the BFEwith those found elsewhere in Europe.
Reference Study area and
status of lynx
population
Lynx main prey
species
Kill rates as expressed in the
reference
Number of followed lynx
and their “status”
Mean annual per-
capita roe deer kill
rates
Breitenmoser
and Haller, 1993
[30]
Swiss Alps
(expanding lynx
population)
Roe deer,
chamois
Time between consecutive
(ungulate) kills: 5.0 days and 5.1
days in the center and front of
the population, respectively.
Killed roe deer = 62% and 26%
of all killed ungulates in the
center and front of the
population, respectively
14 lynx monitored (but only 2
males + 2 females
intensively monitored: 1male
+1female in the population
front and 1male+1female in
the population centre)
45.42 killed roe deer/
365 days in the centre
and 18.96 killed roe
deer/365 days in the
front of the population
Okarma et al.,
1997 [23]
Polish part of the
Bialowieza Primeval
Forest (established
lynx population)
Roe deer, red
deer
Mean prey time = 5.4 days. Killed
roe deer = 74% of all killed deer
(62% of all found kills)
11 lynx (including males,
single females and females
with kittens; not speciﬁed in
which proportions)
50.02 killed roe deer/
365 days.
Jobin et al.,
2000 [25]
Swiss Jura
Mountains
(established lynx
population)
Roe deer,
chamois
Mean interval between
consecutive ungulate kills = 5.9
days for females, 5.2 days for
males (mean = 5.55 days) Killed
roe deer = 76% of all killed
ungulates (69% of all found kills)
29 lynx (including males,
single females and females
with kittens; not speciﬁed in
which proportions)
49.99 killed roe deer/
365 days
Krofel et al.,
2014 [29]
Slovenian Dinaric
Mountains
(established,
declining lynx
population)
Roe deer,
dormouse
Killed roe deer = 88% of all killed
ungulates found by telemetry. 1
roe deer killed every 7.64 days
on average
8 collared lynx (5 females
+ 3males; not reported which
females reproduced in which
year)
47.78 killed roe deer/
365 days
Gervasi et al.,
2013 [14]
Southern Norway
(established lynx
population)
Roe deer, red
deer, sheep,
(locally reindeer)
4.2 killed roe deer/100 days in
summer; 9.4 killed roe deer/100
days in winter (mean = 6.8 roe
deer/100 days)
30 lynx (14 females and 16
males; not reported which
females reproduced in which
year)
24.82 killed roe deer/
365 days
Andrén and
Liberg, 2015
[35]
Southern Sweden
(established lynx
population, but
locally expanding)
Roe deer
(mountain hare,
black grouse,
capercaillie)
4.85 roe deer/30 days for adult
males; 2.71 roe deer/30 days for
solitary females; 6.23 roe deer/30
days for family groups
(mean = 4.6 roe deer/30 days)
17 lynx (6 adult males, 6
solitary females, 5 family
groups)
55.97 killed roe deer/
365 days
This study BFE: Germany,
Czech Republic
(established lynx
population)
Roe deer, red
deer
Killed roe deer = 79% of all found
kills. Actual annual predation
rate = 44.83 roe deer/365 days;
adult female = 50.08 roe deer/
365 days; 54.46 roe deer/365
days; Family groups = 74.62 roe
deer/365 days (Table 4)
10 lynx (4 females and 6
males; all females
reproduced)
53.50 killed roe deer/
365 days
The mean annual (365 days) per-capita roe deer kill rates were recalculated either based on the reported mean prey time and on the percentage of killed
roe deer on the total of killed ungulates or as a mean of values reported for summer and winter.
doi:10.1371/journal.pone.0138139.t005
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The mean per-capita annual kill rate of red deer in the BFE (3.86 killed red deer/year) was
much lower than the recalculated red deer per-capital annual kill rates from both Poland
(26.78 killed red deer/year, recalculated from [23]) and Southern Norway (8.03 red deer/year,
recalculated from [14]). This may be due to differences in red deer abundance between areas:
although no absolute estimations are available for Southern Norway [14], the estimated red
deer densities reported for Poland are higher than those obtained for the BFE (5.01–8.20 roe
deer/km2 counted in spring [23]). Moreover, in Poland, lynx may lose a red deer carcass when
it is found by wolves (e.g., [22]) and overall scavenging pressure seems quite high [82, 83],
which may also account for a higher number of red deer killed by lynx. Finally, in the BFE, the
presence of enclosures in which a large portion of the red deer population overwinters may
also reduce the proportion of red deer killed by lynx, as conditions inside these fenced areas do
not seem to be very favorable for lynx when hunting [78]. In accordance with both previous
studies, in the BFE, red deer annual kill rates differed widely throughout the year and between
lynx belonging to different lynx statuses, with a much higher number of red deer killed in win-
ter than in summer and with adult males killing the highest number of red deer. However,
because adult male lynx hold much larger territories than adult female lynx (Table 1, [84]), the
mean red deer “annual kill rates per km2” were equal for adult males and single adult females.
In addition, although our analyses did not confirm any relevant influence of individual lynx on
the values of per-capita annual kill rates overall, in the BFE, individual differences in the num-
ber of red deer killed by monitored male lynx in a year were evident (Table 1).
Quantitative and seasonal aspects of lynx predation: factors influencing
kill rates
Regarding the effect of “lynx status”, our analyses indicated that family groups had the shortest
prey times and thus the highest annual kill rates and the highest predation rates per km2,
which is in accordance with what was found in other studies across Europe (e.g., [23, 24, 27, 29,
31, 35]). Given that both handling time and searching time likely contributed to this result, the
most probable explanation is that predation rates in family groups are determined by the food
demands of kittens, and females with kittens cannot spend long periods without any available
large prey [23, 81].
Regarding the effect of season, the higher kill rates in winter than in summer found in our
study are in contrast with other findings from Central Europe [23, 29] but in accordance with
those from Southern Norway [14]. These results may be considered counter-intuitive, as in
summer, with higher temperatures leading to quicker meat decay [85], lynx would be expected
to abandon the kill earlier. However, the rapid decay of meat may instead result in lynx relying
more on smaller prey species in summer than in winter, as actually observed in the BFE [44]
and elsewhere in Europe ([21, 23, 28]; but see also [86]). The higher proportion of killed alter-
native prey may then be one of the factors leading to lower deer kill rates in summer than in
winter. Accordingly, Gervasi et al. [14] found that lynx killed more deer in winter than in sum-
mer, in an area where grazing sheep were available during summer, whereas Andrén and Lib-
erg [35] found no seasonal differences in an area with no available sheep year-long.
In addition, it is expectable that, in winter, the more clumped and predictable prey distribu-
tion [38, 40] will improve prey detectability [27], while limited food availability and snow
cover will increase deer vulnerability [87–89]. Both factors likely reduce searching time, but we
found that the shorter winter prey time was mainly related to a reduction in handling time.
Nevertheless, our “searching time” not only consisted of the time lynx spent hunting, but also
included territory patrolling and looking for mating partners. As winter comprises lynx mating
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season, the longer time dedicated to these activities during this period [90] likely counteracted
the effects of reduced hunting time on winter “searching time”.
The higher mobility during mating season could also push both male and female lynx to
abandon partially unconsumed prey items, contributing to the observed shorter winter han-
dling time. In addition, in the case of family groups, during the first winter months (until kit-
tens abandon their mother), energy demands increase as kittens mature [25], likely shortening
their winter handling time. In summer, during the natal season females with newborn kittens
are forced to limit their movements and maximally exploit each killed prey [91], likely prolong-
ing their summer handling time.
Seasonal differences in scavenging pressure may also play a role: in winter, lynx tracks in
snow may increase the detectability of non-decaying carcasses [82] and food scarcity may
induce red fox and wild boar to rely more on scavenging [83, 92]. Such species are abundant
on the Czech side of the BFE [93], feed at lynx kills [25] and wild boars are able to completely
consume them during a single scavenging visit [22]. However, an experimental study in the
Bavarian Forest National Park [85] suggested a rather modest rate of vertebrate scavenging at
ungulate carcasses in the BFE.
Finally, winter handling time may be reduced by the difficulty in obtaining meat of killed
prey (as it quickly freezes at the constantly low ambient temperatures [94]) and processing fro-
zen meat in the stomach [95]. This is likely one of the causes of the seasonal differences in kill
rates observed in Scandinavia [14] and may have contributed to our results, as in the BFE the
temperature is permanently below 0°C during 40−70 days/year [96].
Actual and perceived impact of lynx predation and conflicts with hunters
In order to quantify the actual impact of lynx predation on the entire red and roe deer popula-
tions, at the scale of the study area, i.e., hundreds to thousands of km2, our estimated values of
per-capita actual annual kill rates would have to be combined with data on the number of lynx of
each “lynx status” living in the entire BFE, and the resulting values would have to be compared
with reliable absolute estimations of roe and red deer abundance or survival and reproduction
rates (e.g., [35]). Unfortunately, such data are not available for the entire BFE, therefore we can
only infer the extent to which lynx is likely to limit deer abundances. However, the perceived
local impact of lynx predation, at the scale of the hunting ground, i.e., 0.5 to tens km2, can likely
influence the lynx−hunter conflicts, and thus the level of poaching, more strongly than the actual
overall impact of predation. Consequently, the attitude of hunters towards lynx may become
more negative in those areas where lynx predation is locally more intense [18]. To evaluate such
local intensity, it is necessary to consider the values of per-capita “annual kill rates per km2” of
the different lynx statuses in combination with each other. In fact, in established lynx popula-
tions, the territory of a male overlaps with that of one or more females, which can be either
accompanied by their kittens or not [84]. Furthermore, subadult lynx, that do not hold their own
territories, generally float and hunt between the home ranges of resident individuals [84].
The extremely low annual per-capita predation rates of red deer suggested that in the BFE,
as elsewhere in Europe, predation by lynx is unlikely to be a limiting factor for the population
growth of this prey species [23, 97]. With regard to the local impact, even in areas that are used
by an adult male, an adult female and a subadult lynx at the same time the total annual preda-
tion would be well below 0.1 red deer/km2. This value represents less than 14% of the annual
red deer recruitment estimated for the Bavarian Forest National Park (0.7 calves/km2 in 2009;
Bavarian Forest National Park Administration, unpublished data).
Regarding roe deer, recent studies suggest that predation by lynx is mostly additive to other
mortality [35, 98] and has a greater impact in regions with lower vegetation productivity and
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harsh winters [99]. In the BFE, Heurich et al. [100] found that predation by lynx was the main
cause of mortality for GPS-collared roe deer inside the Bavarian Forest National Park, where
this species is not hunted and its density reaches the minimum value for the BFE [52]. On the
other hand, in the Czech foothills and Šumava Protected Landscape Area, roe deer hunting
bags increased yearly between 1997 and 2003, reaching levels comparable to those before lynx
reintroduction, and seemed relatively stable from 2004 to 2013 (source: Czech Forest Manage-
ment Institute– ÚHUL), which suggests that the roe deer population has not declined substan-
tially during the last two decades, despite the presence of the lynx. Based on our results, the
local impact of lynx predation in the BFE may vary from a minimum of 0.52 roe deer killed
annually per km2 in areas where the territory of a male lynx overlaps with that of a single adult
female (i.e., 0.11 plus 0.41 roe deer respectively, killed annually per km2), to a maximum of
1.17 roe deer killed annually per km2 in areas that are at the same time inhabited by an adult
male lynx, a family group and a floating subadult (i.e., 0.11 plus 0.61 plus 0.45 roe deer killed
annually per km2). In comparison, in Bavaria (Germany) in 2009, hunters shot 1.19 roe deer/
km2 in state-managed hunting grounds where environmental characteristics are similar to
those of the Bavarian Forest National Park, whereas they shot 3.84 roe deer/km2 in hunting
grounds located in the Bavarian foothills (source: Bavarian State Ministry for Food, Agriculture
and Forestry). On the Czech side of the BFE, in the hunting grounds adjacent to the Šumava
National Park and regularly frequented by monitored lynx, including the Protected Landscape
Area and the unprotected surroundings, hunters in 2009 shot about 2 roe deer per km2 per
year, ranging from 1.17 to 4.35 roe deer per km2 per year, with the highest annual hunting bags
being recorded for hunting grounds located in the unprotected part of the BFE (source: Czech
Forest Management Institute- ÚHUL).
These data indicated that, in most of the unprotected foothills, the number of roe deer
annually shot by hunters per km2 is two to three times higher than the maximum number of
roe deer killed by lynx per km2(as calculated based on our models and on the spatial organiza-
tion and social structure of lynx population [84]). Therefore, one may expect that lynx−hunter
conflicts due to predation on roe deer will be limited. This may be true at least during summer,
when the spatial distribution of lynx predation is relatively uniform, per-capita kill rates for lynx
of all statuses are lower than the corresponding mean annual values, and the largest expected
number of kills per unit area are found inside the two national parks. However, our results depict
a substantially different situation in winter, when the spatial distribution of lynx predation is less
homogeneous, per-capita kill rates for lynx of all statuses are higher than the corresponding
mean annual values, and the largest expected number of kills per unit area is found outside of the
two national parks. As a consequence, the local impact of lynx predation is likely to become
higher in winter in this less-protected part of the BFE, where sport hunting is practiced. As is evi-
dent from Fig 2B, most of the areas where winter predation concentrates on the Czech side are
located even beyond the borders of the Šumava Protected Landscape Area, which serves as a
buffer zone in which forestry and hunting are practiced in the traditional way, but hunters and
foresters communicate and cooperate with conservation biologists. Especially in the unprotected
part of the BFE, on both sides of the national border, a local higher intensity of lynx predation
may actually lead to an exacerbation of lynx−hunter conflicts, which may contribute to an
increased poaching level in the proximity of protected areas [4].
Conclusions
In summary, our results from the summer months supported the conclusions of Müller et al.
[4], that at least large protected areas in Europe are important source areas for lynx populations
that minimally endow the territories of several individuals with safety zones. On the other
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hand, our results from the winter months indicated that even the largest protected areas may
not ensure sufficient protection to lynx if the migration routes and wintering areas of its prey
species lie beyond the boundaries of such areas (see also [43]), and even the individuals form-
ing the core population are exposed to the risk of poaching when they follow their prey.
Because illegal killings in the surroundings of protected areas can seriously hinder the
expansion of large carnivores and reduce connectivity among populations (e.g., [4]), which
may even jeopardize the conservation efforts undertaken within the borders of protected areas
[101], based on our empirical data, we suggest that unprotected, multi-use landscapes of the
BFE should be given the focus in future lynx conservation efforts. Given the size and character-
istics of most European protected areas (e.g., [7, 43]), this recommendation likely applies also
to other European regions that host populations of large carnivores. In practice, we propose
that managers focusing on the conservation of large carnivores should place more effort in
identifying potential conflict zones not only within but also outside of protected areas. To
achieve this, scientific information about the predation patterns of a given predator species
should be collected, considering the quantitative, seasonal, and spatio-temporal aspects at the
same time. Such relevant information should also be used to mitigate conflicts with hunters.
In the case of the lynx, our results can be extrapolated also to several other areas throughout
Central Europe. To mitigate lynx-hunters conflicts in the multi-use landscapes surrounding
protected areas, we propose to (a) define a common “wildlife management unit” comprising
both summer and winter ranges of deer (i.e. both protected areas and a wide buffer of unpro-
tected surroundings); (b) establish local wildlife management working groups, including con-
servation biologists, foresters and hunters, in order to improve coordination and
communication between stakeholders; and (c) use scientific data to broaden the discussion
from the point of view of the local, “perceived impact” of predation, to that of the overall,
“actual impact” of predation. Finally, we recommend that roe deer should not be shot inside
National Parks, as good local densities of this prey species may increase the attractiveness of
protected areas for the lynx and thus limit predation impact in the adjacent unprotected hunt-
ing grounds.
Supporting Information
S1 Appendix. Modeling procedure for the two-stage predation risk model.
(DOCX)
S1 Dataset. Prey dataset including all found and virtual kills by GPS-collared lynx in the
BFE.
(XLSX)
S1 Table. Summer and winter predicted prey time, handling time, searching time and pre-
dation rates with bootstrap-percentile-intervals for each “lynx status”. S.E. = standard
error.
(DOCX)
Acknowledgments
This study was part of a project on the predator–prey relationships of Eurasian lynx, red deer,
and roe deer carried out by the Bavarian Forest National Park Administration, Department of
Research and Documentation, and a long-term research project on the Eurasian lynx in the
Šumava National Park. We thank M. Gahbauer, K. Mayer, O. Vojtěch, J. Mokrý, H. Burghart,
and many other colleagues from the Šumava National Park and Bavarian Forest National Park
Spatio-Temporal Variation in Predation by Lynx
PLOS ONE | DOI:10.1371/journal.pone.0138139 September 17, 2015 18 / 23
for their help with field work; D. Koch for help in the statistical analyses, and K. A. Brune for
linguistic revision.
Author Contributions
Conceived and designed the experiments: MH LB EB. Performed the experiments: EB LB MH.
Analyzed the data: NW AK HS BWHKMH. Wrote the paper: EB NWAK BWHK HS LB
MH.
References
1. Chapron G, Kaczensky P, Linnell JD, Von Arx M, Huber D, Andrén H, et al. Recovery of large carni-
vores in Europe’s modern human-dominated landscapes. Science 2014; 346(6216): 1517–1519. doi:
10.1126/science.1257553 PMID: 25525247
2. Ripple WJ, Estes JA, Beschta RL, Wilmers CC, Ritchie EG, Hebblewhite M, et al. Status and ecologi-
cal effects of the world’s largest carnivores. Science 2014; 343: doi: 10.1126/science.1241484
3. Kaczensky P, Chapron G, von Arx M. Status, management and distribution of large carnivores–bear,
lynx, wolf & wolverine–in Europe. Report to the European Commission 2013: 72pp.
4. Müller J, Wölfl M, Wölfl S, Müller DW, Hothorn T, Heurich M. Protected areas shape the spatial distri-
bution of a European lynx population more than 20 years after reintroduction. Biological Conservation
2014; 177: 210–217.
5. Araújo MB, Alagador D, Cabeza M, Nogués‐Bravo D, Thuiller W. Climate change threatens European
conservation areas. Ecology Letters 2011; 14(5): 484–492. doi: 10.1111/j.1461-0248.2011.01610.x
PMID: 21447141
6. Carroll C, Noss RF, Paquet PC, Schumaker NH. Extinction debt of protected areas in developing land-
scapes. Conservation Biology 2004; 18:1110–1120. doi: 10.1111/j.1523-1739.2004.00083.x
7. EEA European Environment Agency. Protected areas in Europe–an overview. In: EEA Report No 5/
2012 Kopenhagen 2012. ISBN 978-92-9213-329-0 ISSN 1725-9177 pdf doi = 10.2800/55955
8. Ordiz A, Bischof R, Swenson JE. Saving large carnivores, but losing the apex predator? Biological
Conservation 2013; 168:128–133. doi: 10.1016/j.biocon.2013.09.024
9. Andrén H, Linnell JD, Liberg O, Andersen R, Danell A, Karlsson J, et al. Survival rates and causes of
mortality in Eurasian lynx (Lynx lynx) in multi-use landscapes. Biological Conservation 2006; 131(1):
23–32.
10. Linnell JDC, Swenson JE, Anderson R. Predators and people: conservation of large carnivores is pos-
sible at high human densities if management policy is favourable. Animal Conservation 2001; 4: 345–
349.
11. Liberg O, Chapron G, Wabakken P, Pedersen HC, Thompson Hobbs N, Sand H. Shoot, shovel and
shut up: cryptic poaching slows restoration of a large carnivore in Europe. Proceedings of the Royal
Society B-Biological Sciences 2012; 279: 910–915. doi: 10.1098/rspb.2011.1275
12. Treves A, Karanth KU. Human-carnivore conflict and perspectives on carnivore management world-
wide. Conservation Biology 2003; 17:1491–1499. doi: 10.1111/j.1523-1739.2003.00059.x
13. Breitenmoser U. Large predators in the Alps: The fall and rise of man's competitors. Biological Con-
servation 1998; 83: 279–289.
14. Gervasi V, Nilsen EBE, Odden J, Bouyer Y, Linnell JDC. The spatio‐temporal distribution of wild and
domestic ungulates modulates lynx kill rates in a multi‐use landscape. Journal of Zoology 2013;
292:9. doi: 10.1111/jzo.12088
15. Sunquist M, Sunquist F. Wild cats of the world. University of Chicago Press; 2002. 452 pp.
16. Odden J, Herfindal I, Linnell JD, Andersen R. Vulnerability of domestic sheep to lynx depredation in
relation to roe deer density. Journal of Wildlife Management 2008; 72(1): 276–282.
17. Moa PF, Herfindal I, Linnell JDC, Overskaug K, Kvam T, Andersen R. Does the spatiotemporal distri-
bution of livestock influence forage patch selection in Eurasian lynx Lynx lynx?Wildlife Biology 2006;
12(1): 63–70.
18. Breitenmoser U, Ryser A, Molinari-Jobin A, Zimmermann F, Haller H, Molinari P, et al. The changing
impact of predation as a source of conflict between hunters and reintroduced lynx in Switzerland. In:
Macdonald DW, Loveridge AJ, editors. Biology and Conservation of Wild Felids. Oxford University
Press, Oxford; 2010. pp.493–506.
19. Červený J, Koubek P, Bufka L. Eurasian lynx Lynx lynx and its chance for survival in central Europe:
the case of the Czech Republic. Acta Zoologica Lituanica 2002; 12: 362–366.
Spatio-Temporal Variation in Predation by Lynx
PLOS ONE | DOI:10.1371/journal.pone.0138139 September 17, 2015 19 / 23
20. Andersen R, Karlsen J, Austmo L. Selectivity of Eurasian lynx Lynx lynx and recreational hunters for
age, sex and body condition in roe deerCapreolus capreolus. Wildlife Biology 2007; 4:467–474.
21. Nowicki P. Food habits and diet of the lynx (Lynx lynx) in Europe. Journal of Wildlife Research 1997;
2:161–166.
22. Jedrzejewski W, Schmidt K, Milkowski L, Jedrzejewska B, Okarma H. Foraging by lynx and its role in
ungulate mortality: the local (Bialowieza Forest) and the Palaearctic viewpoints. Acta Theriologica
1993; 38:384–403.
23. Okarma H, Jedrzejewski W, Schmidt K, Kowalczyk R, Jedrzejewska B. Predation of Eurasian lynx on
roe deer and red deer in Bialowieza Primeval Forest, Poland. Acta Theriologica 1997; 42:203–224.
24. Molinari-Jobin A, Molinari P, Breitenmoser-Würsten C, Breitenmoser U. Significance of lynx Lynx lynx
predation for roe deerCapreolus capreolus and chamois Rupicapra rupicapramortality in the Swiss
Jura Mountains. Wildlife Biology 2002; 8:109–115.
25. Jobin A, Molinari P, Breitenmoser U. Prey spectrum, prey preference and consumption rates of Eur-
asian lynx in the Swiss Jura Mountains. Acta Theriologica 2000; 45:243–252.
26. Mattisson J, Odden J, Nilsen EB, Linnell JDC, Persson J, Andrén H. Factors affecting Eurasian lynx
kill rates on semi-domestic reindeer in northern Scandinavia: Can ecological research contribute to
the development of a fair compensation system? Biological Conservation 2011; 144:3009–3017. doi:
10.1016/j.biocon.2011.09.004
27. Nilsen E, Linnell J, Odden J, Andersen R. Climate, season, and social status modulate the functional
response of an efficient stalking predator: the Eurasian lynx. Journal of Animal Ecology 2009;
78:741–751. doi: 10.1111/j.1365-2656.2007.0 PMID: 19486380
28. Odden J, Linnell JDC, Andersen R. Diet of Eurasian lynx, Lynx lynx, in the boreal forest of south-east-
ern Norway: the relative importance of livestock and hares at low roe deer density. European Journal
of Wildlife Research 2006; 52:237–244.
29. Krofel M, Jerina K, Kljun F, Kos I, Potočnik H, Ražen N, et al. Comparing patterns of human harvest
and predation by Eurasian lynx Lynx lynx on European roe deerCapreolus capreolus in a temperate
forest. European Journal of Wildlife Research 2014; 60:11–21. doi: 10.1007/s10344-013-0745-4
30. Breitenmoser U, Haller H. Patterns of predation by reintroduced European lynx in the Swiss Alps.
Journal of Wildlife Management 1993; 57(1): 135–144.
31. Breitenmoser U, Haller A. Zur Nahrungsökologie des Luchses Lynx lynx in den schweizerischen Nor-
dalpen. Zeitschrift für Säugetierkunde 1987; 52: 168–191.
32. Molinari-Jobin A, Zimmermann F, Ryser A, Molinari P, Haller H, Breitenmoser-Würsten Ch, et al. Vari-
ation in diet, prey selectivity and home-range size of Eurasian lynx Lynx lynx in Switzerland. Wildlife
Biology 2007; 13:393–405.
33. Krofel M, Kos I, Jerina K. The noble cats and the big bad scavengers: effects of dominant scavengers
on solitary predators. Behavioral Ecology and Sociobiology 2012; 66: 1297–1304.
34. Mattisson J, Persson J, Andrén H, Segerström P. Temporal and spatial interactions between an obli-
gate predator, the Eurasian lynx (Lynx lynx), and a facultative scavenger, the wolverine (Gulo gulo).
Canadian Journal of Zoology 2011; 89:79–89. doi: 10.1139/Z10-097
35. Andrén H, Liberg O. Large impact of Eurasian lynx predation on roe deer population dynamics. PLoS
ONE 2015; 10(3): e0120570. doi: 10.1371/journal.pone.0120570 PMID: 25806949
36. Laundré JW, Hernández L, RippleWJ. The landscape of fear: ecological implications of being afraid.
Open Ecology Journal 2010; 3:1–7.
37. Mysterud A, Loe LE, Zimmermann B, Bischof R, Veiberg V, Meisingset E. Partial migration in expand-
ing red deer populations at northern latitudes–a role for density dependence? Oikos 2011; 120(12):
1817–1825.
38. Luccarini S, Mauri L, Ciuti S, Lamberti P, Apollonio M. Red deer (Cervus elaphus) spatial use in the
Italian Alps: home range patterns, seasonal migrations, and effects of snow and winter feeding. Ethol-
ogy Ecology & Evolution 2006; 18(2): 127–145.
39. Kjellander P, Hewison AJM, Liberg O, Angibault JM, Bideau E, Cargnelutti B. Experimental evidence
for density-dependence of home-range size in roe deer (Capreolus capreolus L.): a comparison of two
long-term studies. Oecologia 2004; 139(3): 478–485. PMID: 15007727
40. Mysterud A. Seasonal migration pattern and home range of roe deer (Capreolus capreolus) in an alti-
tudinal gradient in southern Norway. Journal of Zoology (London) 1999; 247: 479–486.
41. Cagnacci F, Focardi S, Heurich M, Stache A, Hewison A, Morellet N, et al. Partial migration in roe
deer: migratory and resident tactics are end points of a behavioural gradient determined by ecological
factors. OIKOS 2011; 120: 1790–1802.
Spatio-Temporal Variation in Predation by Lynx
PLOS ONE | DOI:10.1371/journal.pone.0138139 September 17, 2015 20 / 23
42. Mysterud A. Ungulate migration, plant phenology, and large carnivores: The times they are a-chan-
gin'. Ecology 2013; 94:1257–1261. doi: 10.2307/23436143 PMID: 23923486
43. De Vries MF. Large herbivores and the design of large-scale nature reserves inWestern Europe. Con-
servation Biology 1995; 9: 25–33. doi: 10.1046/j.1523-1739.1995.09010025.x
44. Mayer K, Belotti E, Bufka L, Heurich M. Dietary patterns of the Eurasian lynx (Lynx lynx) in the Bohe-
mian Forest. Säugertierkundliche Informationen 2012; 45:447–453.
45. Röder J, Bässler C, Brandl R, Dvořak L. Arthropod species richness in the Norway Spruce (Picea
abies (L.) Karst.) canopy along an elevation gradient. Forest Ecology and Management 2010;
259:1513–1521.
46. Heurich M, Neufanger M. Die Wälder des Nationalparks Bayerischer Wald; 2005. 179pp.
47. Wölfl M, Bufka L, Červený J, Koubek P, Heurich M, Habel H, et al. Distribution and status of lynx in the
border region between Czech Republic, Germany and Austria. Acta Theriologica 2001; 46:181–194.
48. Festetics A. Das ehemalige und gegenwärtige Vorkommen des Luchses, Lynx lynx (Linné, 1758) in
Europa und seineWiederansiedlung in einigen europäischen Ländern. Säugetierkundliche Mitteilun-
gen 1981; 29: 21–77.
49. Koubek P, Červený J. Lynx in the Czech and Slovak Republics. Acta Scientiarum Naturalium Acade-
miae Scientiarum Bohemicae BRNO XXX Nova Ser; 1996:1–78.
50. Weingarth K, Heibl C, Knauer F, Zimmermann F, Bufka L, Heurich M. First estimation of Eurasian lynx
(Lynx lynx) abundance and density using digital cameras and capture–recapture techniques in a Ger-
man national park. Animal Biodiversity and Conservation 2012; 35:197–207.
51. Siebert U, Strauß E, Gräber R, Neubauer D. Rehwildzählung im NP Bayerischer Wald; 2013. Unpub-
lished report. 16pp.
52. Heurich M, Brand TTG, Kaandorp MY, Šustr P, Müller J, Reineking B. Country, cover or protection:
What shapes the distribution of red deer and roe deer in the Bohemian Forest Ecosystem? PlosOne
2015 (in press).
53. Cagnacci F, Focardi S, Ghisla A, van Moorter B, Gurarie E, Heurich M, et al. Howmany routes lead to
migration? Re-establishing the link between definitions, methods and movement ecology. 2015 (Sub-
mitted to Animal Ecology).
54. Möst L, Hothorn T, Müller J, Heurich M. Creating a landscape of management: Unintended effects on
the variation of browsing pressure in a national park. Forest Ecology and Management 2014; 338:
46–56.
55. Gerner J, Heurich M, Günther S, Schraml U. Red deer at a crossroads—an analysis of communication
strategies concerning wildlife management in the ‘BayerischerWald’National Park, Germany. Journal
of Nature Conservation 2011; 19(5): 319–326.
56. Ludwig M, Grüninger F, Rothfuß E, Heurich M. Discourse analysis as an instrument to reveal the piv-
otal role of the media in local acceptance or rejection of a wildlife management project. Erdkunde
Archive for Scientific Geography 2012; 66(2):143–156.
57. Heurich M. Beruecksichtigung von Tierschutzaspekten beim Fang und der Markierung vonWildtieren.
In: Erhard M, editor. 12. Internationale Fachtagung zu Fragen von Verhaltenskunde, Tierhaltung und
Tierschutz; 2011 May 5–7; München. Deutsche Veterinärmedizinische Gesellschaft. Fachgruppe
Ethologie und Tierhaltung. ISBN: 978-3-86345-018-2; 2011: 142–157.
58. Podolski I, Belotti E, Bufka L, Reulen H, Heurich M. Seasonal and daily activity patterns of free-living
Eurasian lynx Lynx lynx in relation to availability of kills. Wildlife Biology 2013; 19(1):69–77.
59. Heurich M, Hilger A, Küchenhoff H, Andrén H, Bufka L, Krofel M, et al. Activity patterns of Eurasian
lynx are modulated by light regime and individual traits over a wide latitudinal range. PlosOne 2014; 9
(12), e114143.
60. Krofel M, Skrbinšek T, Kos I. Use of GPS location clusters analysis to study predation, feeding, and
maternal behavior of the Eurasian lynx. Ecological Research 2013; 28:1–42.
61. Kleinbaum DG, Klein M. Survival Analysis; 2012. doi: 10.1007/978-1-4419-6646-9
62. Kalbfleisch J, Prentice R. The statistical analysis of failure time data, 2nd ed.; 2011. 462pp.
63. Hosmer DW Jr, Lemeshow S, May S. Applied Survival Analysis: Regression Modeling of Time to
Event Data (Google eBook); 2011. 416pp.
64. Wienke A. Frailty models in survival analysis. CRC Press, Boca Raton; 2010. 324pp.
65. Bretz F, Hothorn T, Westfall P. Multiple Comparisons Using R. CRC Press, Boca Raton; 2010.
208 pp.
66. Efron B. Bootstrap methods: another look at the jackknife. Annals of Statistics 1979; 7:1–26.
Spatio-Temporal Variation in Predation by Lynx
PLOS ONE | DOI:10.1371/journal.pone.0138139 September 17, 2015 21 / 23
67. R Core Team. R: A language and environment for statistical computing. Vienna, Austria: R Founda-
tion for Statistical Computing; 2014. http://www.R-project.org/
68. Therneau T. A Package for Survival Analysis in S. version 2.38; 2015. http://cran.r-project.org/
package = survival
69. Wickham H. The Split-apply-combine strategy for data analysis. Journal of Statistical Software 2011;
40(1): 1–29. URL http://www.jstatsoft.org/v40/i01/.
70. Hothorn T, Bretz F, Westfall P. Simultaneous Inference in General Parametric Models. Biometrical
Journal 2008; 50(3): 346–363. doi: 10.1002/bimj.200810425 PMID: 18481363
71. Wood SN. Generalized Additive Models: An Introduction with R. Chapman & Hall/CRC, Boca Raton;
2006. ISBN 978–1584884743.
72. EEA European Environment Agency. Corine Land Cover 2000 (CLC2000); 2009. Available: http://
www.eea.europa.eu/data-and-maps/data/corine-land-cover-2000-raster-2. Accessed 28 November
2012.
73. Ersson L. Estimating lynx kill rate on reindeer using GPS-locations and lynx movement pattern. MSc
thesis, Swedish University of Agricultural Sciences, Grimsö, Sweden; 2011. 19 pp.
74. Stahl P, Vandel JM, Herrenschmidt V, Migot P. Predation on livestock by an expanding reintroduced
lynx population: long‐term trend and spatial variability. Journal of Applied Ecology 2001; 38(3): 674–
687.
75. Weingarth K, Zeppenfeld T, Heibl C, Heurich M, Bufka L, Daniszová K, et al. Hide & seek–extended
camera-trap session lengths and autumn provide best parameters for estimating lynx densities in
mountainous areas. Biodiversity and Conservation 2015 (in press).
76. Powell RA, Zimmerman JW, Seaman DE. Ecology and behavior of North American black bears:
home ranges, habitat, and social organization. Chapman & Hall, London; 1997.
77. Litvaitis J, Sherburne J, Bissonette J. Bobcat habitat use and home range size in relation to prey den-
sity. Journal of Wildlife Management 1986; 50(1):110–117.
78. Belotti E, Kreisinger J, Romportl D, Heurich M, Bufka L. Eurasian lynx hunting red deer: is there an
influence of a winter enclosure system? European Journal of Wildlife Research 2014; 60(3): 441–
457.
79. Basille M, Herfindal I, Santin–Janin H, Linnell JDC, Odden J, Andersen R, et al. What shapes Eur-
asian lynx distribution in human–dominated landscapes: selecting prey or avoiding people? Ecogra-
phy 2009; 32(4): 683–691. doi: 10.1111/j.1600–0587.2009.05712.x
80. Niedzialkowska M, Jedrzejewski W, Myslajek RW, Nowak S, Jedrzejewska B, Schmidt K. Environ-
mental correlates of Eurasian lynx occurrence in Poland—Large scale census and GISmapping. Bio-
logical Conservation 2006; 133: 63–69.
81. Bunnefeld N, Linnell JDC, Odden J, Van Duijn MAJ, Andersen R. Risk taking by Eurasian lynx (Lynx
lynx) in a human–dominated landscape: effects of sex and reproductive status. Journal of Zoology
2006; 270: 31–39
82. Selva N, Jędrzejewska B, Jędrzejewski W, Wajrak A. Factors affecting carcass use by a guild of scav-
engers in European temperate woodland. Canadian Journal of Zoology 2005; 83(12): 1590–1601.
83. Selva N, Jedrzejewska B, Jedrzejewski W, Wajrak A. Scavenging on European bison carcasses in
Bialowieza primeval forest (eastern Poland). Ecoscience 2003; 10(3): 303–311.
84. Schmidt K, Jędrzejewki W, Okarma H. Spatial organization and social relations in the Eurasian lynx
population in Białowieża Primeval Forest, Poland. Acta Theriologica 1997; 42: 289–312.
85. Ray RR, Seibold H, Heurich M. Invertebrates outcompete vertebrate facultative scavengers in simu-
lated lynx kills in the Bavarian Forest National Park, Germany. Animal Biodiversity and Conservation
2014; 37(1): 77–88.
86. Krofel M, Huber D, Kos I. Diet of Eurasian lynx Lynx lynx in the northern Dinaric Mountains (Slovenia
and Croatia). Acta Theriologica 2011; 56(4): 315–322.
87. Hebblewhite M. Predation by wolves interacts with the North Pacific Oscillation (NPO) on a western
North American elk population. Journal of Animal Ecology 2005; 74:226–233. doi: 10.1111/j.1365-
2656.2004.00909.x
88. Post E, Peterson R, Stenseth N, McLaren B. Ecosystem consequences of wolf behavioural response
to climate. Nature 1999; 88:905–907.
89. Okarma H. The physical condition of red deer falling a prey to the wolf and lynx and harvested in the
Carpathian Mountains. Acta Theriologica 1984; 29(23): 283–290.
90. Schmidt K. Variation in daily activity of the free-living Eurasian lynx (Lynx lynx) in Bialowieza Primeval
Forest, Poland. Journal of Zoology (London) 1999; 249: 417–425.
Spatio-Temporal Variation in Predation by Lynx
PLOS ONE | DOI:10.1371/journal.pone.0138139 September 17, 2015 22 / 23
91. Jedrzejewski W, Schmidt K, Okarma H, Kowalczyk R. Movement pattern and home range use by the
Eurasian lynx in Białowieża Primeval Forest (Poland). Annales Zoologici Fennici 2002; 39: 29–41.
92. Hartová-Nentvichová M, Šálek M, Červený J, Koubek P. Variation in the diet of the red fox (Vulpes
vulpes) in mountain habitats: Effects of altitude and season. Mammalian Biology 2010; 75(4): 334–
340.
93. Anděra M, Červený J. Atlas of distribution of the mammals of the Šumava Mts. region (SW-Bohemia).
Acta Scientiarum Naturalium Brno 1994; 28 (2–3): 111 pp.
94. Pulliainen E, Lindgren E, Tunkkari PS. Influence of food availability and reproductive status on the
diet and body condition of the European lynx in Finland. Acta Theriologica 1995; 40(2): 181–196.
95. Wilson RP, Culik BM. The cost of a hot meal: facultative specific dynamic action may ensure tempera-
ture homeostasis in post-ingestive endotherms. Comparative Biochemistry and Physiology Part A:
Physiology 1991; 100(1): 151–154.
96. Zatloukal V. The Šumava National Park—history, mission and basic data.—In: Neuhäuslová Z, editor.
The map of potential natural vegetation of the Šumava National Park Explanatory text. Silva Gabreta
2001; Supplementum 1: : 77–81.
97. Kamler JF, Jedrzejewski W, Jedrzejewska B. Survival and cause specific mortality of red deerCervus
elaphus in Bialowieza National Park, Poland. Wildlife Biology 2007; 13:48–52.
98. Melis C, Nilsen EB, Panzacchi M, Linnell JDC, Odden J. Roe deer face competing risks between
predators along a gradient in abundance. Ecosphere 2013; 4: e111 (11 pp).
99. Melis C, Jedrzejewska B, Apollonio M, Barton KA, Jedrzejewski W, Linnell JDC, et al. Predation has a
greater impact in less productive environments: Variation in roe deerCapreolus capreolus population
density across Europe. Global Ecology and Biogeography 2009; 18: 724–734.
100. Heurich M, Möst L, Schauberger G. Survival and causes of death of European Roe Deer before and
after Eurasian Lynx reintroduction in the Bavarian Forest National Park. European Journal of Wildlife
Research 2012; 58:567–578. doi: 10.1007/s10344-011-0606-y
101. Hansen AJ, DeFries R. Ecological mechanisms linking protected areas to surrounding lands. Ecologi-
cal Applications 2007; 17(4): 974–988. PMID: 17555212
Spatio-Temporal Variation in Predation by Lynx
PLOS ONE | DOI:10.1371/journal.pone.0138139 September 17, 2015 23 / 23
